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ABSTRACT 


he Study Of ~ehe Baad Glen proccss..60 cd "Compost te seal iG 
propellant was made in a combustion chamber whose configuration 
resembled that of a practical solid propellant motor. A small 
gas rocket chamber generated high temperature gaseous products, 
moeen in turn supplied the ignition energy to the internal 
surface of a cylindrical thin-web, case-bonded solid propellant ° 
@rain. 

The ignition delay--the time -between ignition of the 
Ses igniter and the first ignition of the solid propellant 
Bieedm-—-Was measured as a function of the temperature, pressure, 
the chemical reactivity of the hot gases, and the velocity of 
miaeswe 2ases over the solid propellant surface. 

The ignition times were measured by means of a strain—- 
gage pressure eecee INnSecucd ane the Solid propel lane mere. 
eemecr. By use of a direct writing oscillograph, a pressure- 
time trace of the transient ignition process is obtained, The 
faleren delay time was deduced from the shape of the pressure-— 
mine) Trace. 

For the composite solid propellant (composition by 
weight: 80% NH, C10, plus 20% P-13 resin and additives), values 
for the ignition delay time, &@ , ranged from 4.5 to 40 milli- 
meconds, depending upon the mass velocity of the tani vermecas. ia 
the solid propellant cavity. (This can be expressed. equally 
well as an inverse dependence of T on the product of "dummy 


chamber pressure” and mean gas velocity.) For constant igniter 








Pas composition, whe Gava titved the empirical relavionsnip 
ia ce aa , where q is the heat flux input during 
the interval of exposure. This result, derivable from transient 
heating theory, ances thal TOP constant -i12niver Composit uo 
the ignition delay is simply the time required for the attainment 
of a particular surface temperature at which the incipient 
reaction runs away. 

An examination of the linear pyrolysis rates for 
P-13 resin and ammonium perchlorate also suggests that the 
attainment Ol <a Dare ecular Wer aCe=Lemperacure is necessary TO 
meeain 2 combustible mixture of solid propellant vapors adjacent 
Lo eles moe eae SUrTACe.woince Che linear pyrolysis \race wom 
the fuel is greater than that of ammonium perchlorate at low 
Surface temperatures, the critical surface temperature at the 
maetent of ignition should Pee saat neeeeent upon the 
m@eenvicy of free oxygen present in the igniter gases. Since 
mio scries of tests was made with constant igniter composition, 
Miemes vests do not differentiate between the theories of solid 
and gas nhase ignition. 

The motor configuration Usea in BNESe CXDPeriMmeie se. 
Memmomly 2 useful one for the study of the ignition processes: ron 
a theoretical point of view, but it should have a great value as 
Well in making an empirical cee LO OCClermine ene epeamum 
magi tion Inpuv for any parvicular propellant. The effects of 
the various ignition parameters on the flame spread time as well 


as on the ignition delay can be observed from the pressure-time 


brace: 
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CHAPTER 1 


INTRODUCTION’ 


During the ignition of an operational solid prope l= 

© lant rocket motor, the surface of the solid propellant grain 

is subjected simultaneously to a complicated combination of 
conductive, convective, and radiative heat transfer, as well as 
euvack by active chemical species released during the burnin 
of the igniter charge. This exposure is much teo Ccomplicaves 
to be neo theoretically. However, each of these stimuli 
can be separately studied by means of suitable controlled 


ignition experiments (References 1, 2, and 3). Based on the 


results of various ignition studies several authors--notably a 


group at Chattanooga University (Reference 4) and later workers - 


at the University of Michigan (Reference 5) and at Stanford 
Research Institute (Reference 3)--conjectured that the ignition 
process occurred in the gas phase rather than in the solid 
pmease, aS most commonly believed. Soon thereafter, the group 
me Princeton University developed the gas phase ignition 
theory (the runaway reaction occurring in the gas phase) and 
quantitatively correlated their experimental results with 

the predictions of the theory (Reference 1). Prior to the 
development of the gas phase ignition theory, correlations 

had been made with limited success on the hypothesis that 
ignition takes place when the surface temperature reaches a 
Surricient. level vo -stimulave a4 crivical rave of exotneruc 
heat generation in the solid phase. This theory was devally: 


in its most complete form by Hicks (Reference 6). In the 








1iSnt Ol PreCent 1Beitetommectarch, however, it is apparent 
that the ignition mecranisn cannot be completely described 
by the solid phase concept. 

With the advent of large solid propellant rocket 
Meveors TUS: 10 longer economical to develop a suitable 
ignition system ina full scale motor. Therefore, a labora- 
wory Study of controlled sgnition of solid propellant grains 
ieead Small practical motor coniiguration was needed to 
determine whether the ignition mechanism proposed in the gas 
meres 12nition theory is applicable to. a rocket motor 
Pon ieuration. 

In the above-referenced shock Tube studies at 
Princeton University, which led to the quantitative development 
of the gas phase ignition theory, the response of a propellant 
to a suddenly applied conductive heating exposure resulted in 
an ignition delay (the interval between the start of heating 
and the generation of the incipient flame) which decreased as 
the era Te. DrESSUre. ana Chemical reaecyiVvity weve 
respectively, of the heating gas were increased. 

In an operational motor, the propellant charge is 
meso Cxposed to a gas whose temperature, pressure, and.chemical 
Peactivity level can be varied experimentally.* In the present 


test motor, the hot gases consist of combustion products from 


*Or course, in the practical motor other ignition stimuli 

May aise De preseny,, SUCh as Not radiating solid or Jiquid 
particles. In some cases, there may even be vaporized metal 
OAIGES Or Increanic salts; Which. inproduce Neat by condensing 
Ciyetne Propellant, Ssuriace. 
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é sas rocket ignition system in which a gaseous fuel is burned | 
Wap! Various Mixtures of Oxycen and nicrocen. ne conpusclon 
products then flow over the exposed propellant surface producing 
ignition primarily by convective heating. 

hy Gas TPOCKkeu ASN erenwey stem Was selected ea mune 
f#enition stimulus because such a system offers broad and 
fmeaay Llexibility in the selection of closely controllable 
font cion parameters, and because it produces primarily a 
Convective heating situation. Parameters capable of independent 
variation in a scheme of this sort include (1) the chemical 
reactivity of the ignition gases, (2) the "dummy chamber 
pressure" (the pressure of the gases in contact with the 
propellant prior to ignition of the propellant), (3) the 
temperature of the igniting gases, (4) the gas velocity past 


the propellant surface, and (5) the propellant composition. 





cient mis tL 


EXPERIMENTAL APPARATUS 


ime, ee eOdue ever 

The Seinen Of the. test apparatus hOralhnese 
studies resembles that of a typical practical rocket engine 
Meme Zine diy Ten Vion System of tne so-called Pyrogen type 
(Figure 1). Hot gases to supply the ignition stimulus emerge 
from the nozzle of a small gas rocket motor located at the 
eae end of the solid propellant chamber, The hov exhaust gases 
then pass through the port of an lteeereal burning case-bonded 
propellant grain (subjecting the latter primarily to convective 
heating) and emerge from the chamber through a final downstream 
meezane. However, in the practical rocket a special solid 
propellant eee grain burns in the Pyrogen chamber eo supply 
Meemrcnicing Not pas. Hence, in the ignition test apparatus 
the gas rocket motor is performing as a "controllable Pyrogen” 
memiyver. 

The gas rocket burns methane, oxygen, and in some 
Bases, Giluent nitrogen., Propellant to be tested is fabricated 
in the form of a hollow thin-web cylindrical grain, and case- 
memacd tO 4 thin-wall metal Tube which is inserted into the 
MOvOr caSing. The ends of the grain are inhibited, allowing 
burning to occur only on the interior surface. 

Thesoverai? wenieron delay” of Tne system concases om 
two principal parts, (1) the time necessary for the gas motor 
TO ee anc Did tie (pore. cr ithe SClic Bropellant mever Warm 


a flowing stream of test gas at the pre-selected levels of 





tembemature, pressurd, and chemical reactivity, and 
(2) the time required for the surface of the solid propel- 
lant to respond to this exposure by igniting and injecting 
ics COMDUSUILONM DPreaqucus Invo the Surcam. An 1dealigzed 
pressure history of these events is sketched in Figure e. 
When the methane and oxygen are injected into the gas 
rocket, ignition of the combustible mixture increases 
the pressure to the "dummy chamber Oreseueed level where 
iy remains until the solid propellant grain is ignited. 
The principal experimental objective of this research is 
ee eurement of the duration between the ignition of the 
Peeeeeeniver and the ignitien of the solid propellant 
test sample. This time interval is defined as the ignition 
. delay of the solid propellant. ihe tend tion delay veormee 
series of propellant formulations is measured as a function 
ean temperature, pressure, and chemical reactivity 
level of the hot gas, and as a Brno of the flow 
moiecitvy Of this gas over the propellant surface. 

The mass flow rate of gas through the two rocket 
chambers before iene aoeene ties sola propellant. Crain 
gS controlled by means of an impingement injector containing 
eritical-flow(choked) orifices for the fuel and oxidizer 
feed systems. The sanperaamee enicmenenical Preacy inane: 
level of the burnt gas depends primarily on the relat.ve 
pee OOCULONS OL Methane, Oxvyeen and Nitrogen injecved 


into the gas rocket, with a slight dependence on the 


combustion pressure resulting from the suppression of 





iteseciation as the coemyustion pressure is increased. 

For any given combinacion of mass flow rates of these 
cases, the combustion pee ("dummy chamber pressure") 
Mee l eet cG, Sy Phew yireal evecare. Ener solid = propel ane 
exhaust nozzle (the gas rocket exhaust nozzle is designed 
so that it will always be unchoked). 

Finally, once these conditions are established, 
the flow velocity of the hot gas through the port of the 
ee2a propellant grain is a function of only the port 
diameter and nozzle throat diameter. A wide range of 
mepecurec Conditions is available simply by selecting 
the appropriate combination of mass flow rates of the 
gases, the Beis caeion of the gas mixture, the throat 
Giameter of the exhaust nozzle, and the port diameter of 


Paes test Sample. 


Ze The Solid Propellant Motor and the Gas Rocket Igniter 
ine small Solu eros elianitereckKkel MOLOr Wile 

emeas rocket providing the ignition energy required a 

ay scem possessing a lie eto eoien eri Terie 

16 necessary to provide a minimum "rise time" of the 

emamber pressure before solid propellant ignition to the 

operating "dummy chamber pressure" (the ideal igniter 

input would be a step function) and to permit detection 

of the first instant of solid propellant ignition by 

a sharp increase in pressure due to increased mass flow. 


A "dummy chamber pressure" range of operation between 





~~ 


my on Ee 1 0 i) 
4 A Se : So Les Wot? ee ee Oat 6 


Tre flow coniitions assumed to exist in the system 


ere, based’ On CalCculeaus ons Ula <ascume ASenuropic Cy oie a 
meeal-208 Tarough tne exaust Nezzle and tie pert. “and 


adiabatic complete combustion. 


The €xit nozzle determines the solid propellant 


preowm Suritace area for a given chamber pressure, as well as 
‘the mass flow of igniter gases, which in turn establishes 
the desired "dummy chamber ae A nozzle chiroa 
diameter of 0.25 inches was found to provide a minimum L* 


meme one system.*** The inter-nozzle through which the igniter 


slime Original concept also involved fixing the flow rate 


through the gaseous igniter by critical orifices in the 
Bas feed lines just upstream of the injector, thereby 
maintaining positive gas flow throughout the burning of 
mime SOlid propellant. Because of the upper pressure 
Himavations of the gas source, the high costs of manufac- 
buring a number of injectors to provide the desired range 
of operation was not feasible, since it was not known 
Pieechner such a system would be suitable for ignition 
studies. The desired range of igniter operation could be 
achieved by metering the gas just upstream of the injector 
Pmpoenverchangeable critical orifices, at a relatively low 
eoct. 


However, operation of the Equipment showed that the ignition 
characteristics of: the gaseous mixture were more desirahle 
Mmitem metering occurred at the injector orifices. This will 
ise discussed in detail ina later section. Although the 
experimental apparatus is described in its present configura- 
tion, in some instances the component design would have 
enanged slightly to provide an optimum L* .had the system 
been designed for mevering at the injector. 


*e*Because of the very low methane mass flow rates required 


at the lower limit of the operating range, the small size 
of the methane metering orifice became the controlling 
factor in establishing a minimum L* for the system. This 
Siu Oleteuer  eoUliced dime lade MeveliIng Orllice Mor ine 
lower limit ol operation slightly greater than the minimum 
size that could be manufactured without excessive costs. 





Sé3e5 puss into tne .clid propellant Prati Caves fac. 
diameter of 0.30 ineres. This nozzle size provided a 
tolerable small pressure ois between the Bas ena tere and 
Solid propellant chambers and yet is sufficiently small to 
diréct the gases axlally into the solid propellant cavity. 
fas nozzle is unchoked at all times GU Ane fae tare me 
Beeration. 

The impingement injector was designed to be 
critical until.after ignition of the SsOlid propellant grain, 
So that the initial pressure rise caused Oye T en elon 7oe anne 
igniter gases and the chamber pressure rise due to an 
increased mass flow when Henition of the solid propellant 
grain commences would not be felt in the gas lines. This 
Seewce Of choking of the injector orifices is necessary to 
maintain a minimum L* for the system until after ignition 
@ietne solid propellant grain has commenced. Four Daw Sao 
impingement orifices are spaced 90° apart on the face of the 
injector. The angles of the orifices ale sucha Gaat var bed 
impingement the flow is axial. Each impingement potnt is 
0.1250 inches from the Sane Siete injector and O73 (>) ieee 
from the axis of the combustion chamber, 

The gas igniter combustion chamber is 1.25 inches 
diameter and 2,0 inches long. Built into the chamber are 
openings for two spark plugs for ignition of the gas, a 
pressure transducer, and an over-pressure safety-dise 
Sonne ction: 

The solid propellant grain is a hollow tChin-web 


cylindrical grain, case-bonded to a thin-wall metal tube 








which is inserted into another cylindrical tube that 
comprises the motor casing. The ends of the grain are 
IAnoLved sa LoOwine “burnane TS oCeur Only “on the -nverier 
Suriace. 

Une “selec: ropeltane: rai Morty diameter: wae 
selected to be 0.75 inches, resulting in a 9-to-l 
port-to-throat area ratio. A large area ratio was desired 
imenxeep the convective heat transier coefficient ata low 
Value to insure an ignition delay of sufficient length to 
be accurately measured. Aliso, it provided for a low L* 
emeea réelatavely short gprain, Neglecting the igniter gas 
flow, the solid propellant grain was designed to provide 
approximately 200 psia chamber pressure when the exposed 
surface was completely ignited. For an exit nozzie throay 
diameter of 0.25 inches (0.0490 sq.in.) and a burning 
surface to throat area ratio K, = 230 (Reference 7), a 
mmetrne surface of 11.25 Sq.in. is required. For a port 
diameter of 0.75 inches (circumference = 2.36 inches), the 
‘grain length is We 76 anenese Because an internal burning 
@ylindrical grain oor progressively, and because of the 
necessity for a low L* system, the grain length was 
mecquced to 3.75 inches. Also, the shorter grain greatly 
simplified the drilling of the grain port. 

Mhe> @rain ends are inaloi eed with Oslo: 2nenes on 
P-135 PEsin inhibitor: The 4=inch lone thin-wall tube expend. 
slightly beyond the inhibited surface to permit the use of 


f 


an O-ring seal between the inhibitor and the adjacent motor 





o. LMSuUr@ Bea Wet hose gases seeping into any small 
crecKks Should any portion of the case=bond not hold. The 
thickness of the grain web is 0.25 inches and the grain 
weight is 88 erams. Figure 3 shows two photographs of the 
Peo iti: Lne upper picture shows the grain as it appears waive. 
drilling the port, the lower picture shows a grain ready 
Por eon Into. the mogor. 

The manufacture and preparation of the grain for 
mene 16 discussed in détail in Appendix B. 

in addition £oxtae moror components mentioned aba ver 
a spacer to support the pressure transducer connection was 
inserted downstream of the solid propellant grain. The spacer 
Pee ane neice diame eee the Sol idipronelienteer aan 
pmeewer FLO burning. 

The internal volume (V) of the motor system is 


meee, CU.in. resulting in an [L* = ae 105 inches. Since the 


At 
het end oxidizer pass through the injector as gases, and 
assuming that combustion occurs near the Iinjecyor SuUrtace rare. 
combustion gases stay a certain time, 7%, , within the 


t 


meee Until combustion is complete. This residence time can 


w+ 
~~ he 2, 
meerepresented by (== ne where f= 7/r fan a 


For € = 1.2 and a characteristic velocity, C*# 4500 ft/sec, 
the residence or rise time (assuming ignition at the instant 
the gases are injected into the combustion chamber) is calcu- 
lated to be 5.65 milliseconds. 

Components of the motor which must withstand high 


temperatures are fabricated from commercial copper, which acts 





cli ae 
S35 WY Sk&celletit neat sinx and is relatively non-reactive 
Le Mign veoncen treltious, OL New oxyeen. The sold prope llany 
section is made of ee steel designed for a burst 
mea cee of 3000 lbs. - Brass was selected as the injector 
composition because of its machinibility. Figure 4 shows 
ee cxploded view of the~solid propellant motor and gas 


feckel 1fniter, 


Gee lenition System for the Gas Rocket 

Two spark plugs were mounted in the gas rocket 
emember for ignition of the mecnencmeccrs an mixture. A 
110 volts AC neon transformer rated at (450 VA capacity, 
Sec 15,000 V, 30 ma) provided the excitation energy for the 
Spark. The secondary is center-grounded providing 7500 volts 
‘to each spark mires The ignition system wiring eee is 
Shown in Figure 5. To prevent welding of the electrodes, the 
spark plugs were modified (Figure 6) by cutting off the 
Smee Clectrode. With this extended gap, the spark is seen 
CO rotate about the end of the plug. Figure 7 is an 
oscillograph trace of the spark voltage in air during 
1/2 cycle of a 60 cycle sine wave input. The duratifon of 
the spark is approximately 95% of the half-cycle time. A 
Spark system which approached a.continuous spark was necessary 
to insure ignition of the gas without delay, as soon as a 


combustible mixture entered the combustion chamber. 


ne Safety Disc 
A pressure burst disc was installed in the igniter 


Ghamver «vor provect. the MoOvor and IMS trumentavion. 1 rom 





lie 


emceSSive over-pressilre Fuller RL 3700 compound was Basch ved 
Py tne Sxcension. DeLWeecn (Une. bursL Cisc and the conbus >. om 
Cramer Walle tor protect. Une Clee Prom, tne Oe eases. midae— 
static tests showed Liat. Vie rescice ~Ol “vie 'COmpoumG some 


mew alhect tne DUrse pressure of the disc. 


5. The Gas Feed System 

Figure 8 shows a flow circuit of the gas feed system, 
Two Marotta PV-cO-F pneumatic actuated on-off valves placed in 
Mie gas teed lines as close to the injector as possible provide 
memo lcaneous flow oi the fuel and oxidizer to the injector, 
The pressure of the gas Teed system is controlled by two 
Grove RBX-204-015 5-1500 pressure regulators. Two 0-2000 lbs. 
Memeoe pressure gages provide cas feed pressure measurements 
from taps in the feed lines just upstream of the on-off valves. 
Since the gas velocity is small in the feed lines, the static 
pressure is approximately equal to the total pressure. There- 
Mere, No pressure correction ie required to obtain The pre oes 
mass flow. The gas feed system is constructed with 1/2-ineh 
stainless steel tubing.. 

Check valves are inserted in the feed lines between 
the on-off valves and the injector to prevent any reverse 
fiow in the reed system. During burning of the solid propel- 
dant the motor pressure exceeds the gas peed line pressures 
which necessitates the use of check valves to prevent the hot 
combustion gases from entering the feed system. 

A nitrogen purge system is used to purge the motor 


Oise ny COMbUStiU le see See spel oOre each 7 Lrimg. 
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Tye Sensing insserument consists of one Dynisco 
strain-gage water-cooled pressure transducer (Figure 9) 
i@eaveo ait, Ol “the SOblG prOocllanr erain. vor sense ene 
pressure in the solid propellant grain cavity. Figure 10 
shows the sectional nen Of ghee pressure transducer. By 
Bae of a Minneapolis-Honeywell Visicorder 906B direct-writing 
SOscillograph, a pressure-time trace of the ignition process 
is obtained. The instrumentation system provides a measure- 
ment of the delays encountered during the ignition process 
Pabenan one millisecond eccuracy . Specifically, the iollowame 
delays were measured: (1) the time to obtain the “dummy 
chamber pressure" and (2) the time to ignite the solid 
ecope!| lant. 

The signal produced by the transducer is amplified 
Mien AccuData IIT Wide Band Differential D-C Anplifier wate” 
Meesea Chopper-stabilized ee nsiator D-C amplifier.. Under 
ewe over-load conditions, less than 100 ma is produced av the 
amplifier QULDUL, Which frevides positive protection forerae 
fPii1d-damped Bese eee ene used in the Minneapolis-Honeywell 
Pe sicorder. 

The galvanometer is fluid-damped with a rlat 
frequency response of O-2000 cps. The maximum peak-to-peak 
deflection with = 2% linearity is 6 inches. 

A strain-gage balance and negative bias system is 
shown in an instrumentation wiring schematic an Figure 12, i, 


The negative bias input to the amplifier off-sets the zero 





14. 

eae VeMeMe Vere ety we Negative direction, permice 
Breever ampliilacet Beiygol vne Surain-cace Apu, and prevenvus 
Tne amplLirier “from Savurating during: the Durning -of the 
ead DrOpcllany Grain. WoO ~werouwide 42 Cneck vrilorsuescace 
run to determine whether the instrumentation system is 
functioning properly, a positive 13.5 mv gage output is 
Seceined by use of a 50K resistor and a push button switch. 
This output is equivalent to 450 psig. If the system is 
operating properly, the galvanometer deflects a distance 
equal to that obtained during calibration of the system. 
Pmeeaad Weight calibration of the pressure transducer is 
snown in Figure 12. A static pressure calibration of the 
instrumentation system is shown in Figure 13. 

The Minneapolis-Honeywell Timing Unit is a self- 
fees ned mUltivibrator oscillator which Supplies accuravely 
spaced sharp pulses at intervals ere sOle. Oo) ja and 1.0 Seconds 
Mem epulse characteristics are such that, with the timing 
Peemal applied to two 3300 eps natural frequency galvanometers, 
Gace DUlsed galvanometer traces will meet in the center of the. 


m—eord providing full-width timing lines. 
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CHAPTER ITI 


IGNITER INPUT 


Initially, the igniter input was achieved by 
pre-flowing the cold igniter gases (metered by critical 
orifices upstream of the injector) through the motor to 
Bermic the gas flow to Stabilize prior to energizing we 
spark. When the maeeenee of methane and oxygen ignited, 
exceedingly high pressures and pressure waves occurred in 
the chamber as a result of a constant volume explosion. 

“The pressure decay time to the equilibrium pressure was 

ieee Compared to the solia@ propellant ignition delay. 

The igniter input achieved by this method was unsatisfactory. 
ine resulvewer sume ebove tests indicavedwea Conv mien. 

pre-spark was necessary to'‘permit ignition of the gases as 

soon as a combustible mixture existed in the rocket chamber. 

Beeause Of the appreciable filling time of the teed lines 

Meeeeecn the OFrifices» and the injector, it was foumd thav av 

was no longer feasipie Go uwse the critical orifices unsvureamn 

of the injector. Since the injector orifices were choked 

until after ignition of the solid propellant, tests were 

made to determine the feasibility Ree ne the injector 

orifices for metering of the gas input to the motor. The 

results of these tests showed: a reduced initial pressure 

at ignition, below that which would occur for constant 

volume Cae no adverse pressure waves; and a small 

pressure decay time to the equilibrium pressure. This igniter 


DPaoler ome OleLdeT ea scotia tacUlOly., .ad LNOuUgn Mov stdcaie 








ees 

The nanVereg wi tis starting transient is discussed 
in*thé* following paiegraphs. In analyzing the igniter input 
(Figure 14) it is observed that the ignition process of the 
Peni ver eases takes place ima Tine which is Shere, compared 
to the steady-state "dwell time" of combustibles in the 
chamber. Therefore, the ignition process can be considered 
mo take place at constant volume and fixed mass, PC) ey 
is defined as the observed pressure of the hot gases 
eta vine tt = 0 

Since the motor and the feed lines between the check 
myes and the injector are filled with nitrogen av atmosphemne 
mressure prior to flow of the igniter gases, the exact pro- 
Meerions of fuel, oxidizer, and diluent (No) are NOvL precise ik 
Im@ewn during the igniter transient. Therefore, the temperature 
Seeene [lame propagating Uhrough this gas mixture of varying 
Peiposition will not reach a SveaCy—=cuaue value Miia ae 


nitrogen has been displaced from the motor. However, the 


effective temperature at t= O can be defined as the one 


which would produce (P ie and can be expressed by 
CCV ope 
a. | (C8 
a ae 
ert 2 


During the adjustment time following the constant 
volume deflagration the composition of the gases in the chamber 


changes from that corresponding to which 


Dore ue ee ee 
Produces a> change ily the vemperature G1 “Une chamber gargi rem 


- tO 


ie : 
err l design 
Cong tions rcan. Deccalculaved Dy-writing Phe convinuity coueeren 


The time to establish equilapriumn 





Loe 


in the following form Wor the entire combustion chamber 





VM gpl _ Tv9 PA: 
Rite dt eR oe 


where V is the volume of the combustion chamber, M is 
ehe~melecular Weiehie O17 Une sac. Rh As Vhe Universal ees 
eonstant, tn is the input mass flow, and g is the 
Bravitational constanv. | 

Assuming Lae constant and integrating for the 
boundary condition Ps P.pp at t= O -, the time consvane 
mor the adjustment period is 

Vv | aa 


which is equivalent to the steady-state stay time of the 





Peoe ain the chamber since here where vs Mis and 
= 
! { 
——— . But since the flame temperature varies 
Yat TC J 


serine the decay time, there exists a continuously changing 
residence time during the transient period. 

During this sagjustment period, there exists a 
Beeseure Preater than the equilibrium pressure and a 
temperature less than the equilibrium temperature. Although 
the heat flux is influenced by both pressure and temperature, 
the effects tend to cancel one another, resulting ina heat 
flux approximately equal to the equilibrium heat flux. The 
results suggest that this igniter transient introduced 
negligible error in the range of the ignition delay time 


between 4.5 and 40 milliseconds. 
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CHAPTER IV 
EXPERIMENT#L RESULTS AND DISCUSSION 

The effect of pressure or mass velocity of the hot 
igniter gases of Anata composition on Che Len GLOneee lay 
ei a Series of solid propellant grains was measured. The 
experimental results are tabulated in Table I and plotted 
ma Higure 15. 

The composition of the igniter gases before com- 
bustion in the gas rocket was CH, + 1.88 O, . Assuming 
mee igniter combustion Beene: meme Olls bags Ola Ui 
Beetun and the products of combustion due to dissociation 
only vary slightly over the "dummy pressure" range tested 
(2 to 7 atm), the flame temperature is essentially constant 
' from mahi © aaa The initial temperature of the solid 
propellant is maintained the same from run to run, and 
assuming the Hi (the mean temperature of the solid 
propellant surface during the ignition time delay) is 
Perlicvant from run to run; the convective heat flux 
oT ho (a= Les) can be assumed independent of the aT , 
pemee (T,-T ) is so large compared with 4 small change 


ae 


en Tp » where Te Tew UMesCeMDerature Of The Nov acess 


Therefore, the primary experimental parameter which affects 


0 


the heat flux is the convective heat transfer coefficient. 
For (vurculent tlew. ne is correlated with the 


prepervies of The fiuad and Toe eon ieurarion othe ley 











9.8 C 
ig oes{ PS) (== pr 


in which D is the effective diameter one flow channel, 
Ne is the convective heat transfer coefficient, k is 

fee Chermal conductivity of the Not gases; .G is the 

mass velocity, “ is the viscosity, and os is the 


peeeitic heat otf the gases. For constant igniter composition 


the above can be reduced to 


he = constant G°° 
De-F 


. With the above restrictions on le and T » the 
meau flux remains essentially constant during the pre-ignition 
anterval for a given mass velocity through the solid propel- 
ime erain port. The exact values of the heat flux 


eagq . h _™. Cannot De calculated (the value of gz 
ioe dd . - ee | Le 


elt 
ie; C. » and AT are not known exactly); however, a 
relative heat flux, a/ 4, pecan De calculated since tne 
meee variable is mass velocity. These values are tabulated =e 
in Table I. 


It has been pointed out by Ryan (Reference 2) from 
ewementary theory of transient Ssuriace heating thay the 
ignition delay can be expressed by we in?’ = Constance — ia q ; 
if the ignition delay is based upon the attainment of a 
particular surface temperature at the instant of ignition. 

The experimental results shown in Figure 16 show the time 


GC§ekeyvcaswas VuieClLO’ Oleanvelauive iG 4.) BOM constant “=teniier 
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Crs catty VME Geia Fix. ted the empirical relationship 


=~ j.025 


. - — - 
Vt = & 


which corresponds very closely to that 
Prec cvuec iby Une heat transier wuneory . 

Since no excess oxygen was present in the hot igniter 
Bescs, 2il oxyeen Co Support combustion of the solid propelians 
must come from the solid propellant itself. Therefore, the 
So 10 peoeoieane surface must reach a temperature that is 
Seer tcienvly high to pérmit a combustibie concentration of 
mee and oxidizer vapors Co form in the adjacent gaseous 
layer before ignition can occur. The results of these tests 
maoly that the surface Lee ire au ene Penile ans ba aa 
ms a constant for a given igniter composition. This resuit 
can also be predicted from the linear pyrolysis rates of 
P-13 resin and ammonium perchlorate which are shown in 
Meee 1/. AL low propellant suriace temperatures, whe 
linear pyrolysis rate of P-13 resin exceeds that of ammonium 
moeemrerave. AS the Ssurbace temperature increases wivh time. 
Peewoyrolysis rate of ammonium perchlorate increases av 2 
faster rate than that of P-13 resin until a particular surface 
wemperature is reached that preeuces a Combustible ma eeuee 
near the surface of the S0ra prepellanG av which Gimerie gare 
Peres, Since no Tree ox yPem Was present in the 1eniverwe ee 
it is postulated that the ignition surface temperature is 
seaehuiy less than the temperavure which produces equa 
pyrolysis rates for the two components of the propellant. 

Since the small change in flame temperatures of the 


P20eLer seasece resulting 1 roms the 1ncreasea pressure or 


7 





eat, 


GOMOUSTION WaS 200 Leia Jie account. the slight increase 
in the heat flux at the nigher "dummy chamber pressures" 
wou Rd tend to aake ihe Stopes! tie wurve 1 Pieuee sls 
Somewhat steeper than -1. That ee, perhaps the higher 
Exponent observed can be explained this way. 

Since only one igniter composition was tested, 
macoc LESts do not Gdifferentiave between the theories of 


Seelid and gas phase a ieee is: 
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CHAPIER V 


CONCLUSIONS 


hSea PESUMY Ol —bne. Veses “COnduUCcCLeEd, Du: ts eoncruded 
ee ts 

1, The motor configuration as used in these 
experiments is a userul tool for study of solid propellant 
meiition characteristics—--nov only Prom a theoretical point 
weeviecw, but also from an empirical point of View, tor 
@evermining the optimum isnition parameters for a given 
mec Ol rockev., The efrects of the various ignition 
m@emeoamecers on the flame Spread time as well as the ignition 
memles’ Carn be deduced from ene pressure-time trace. 

an THe: erie aomude lay followed the neal poner 
a ed for constant igniter composition, 
piece Sugeests that to achieve ignition the surface temper- 
Sere MUSt be brought to a certain critical level. 

Bie Sor en ecC ene Becian berours Tecan immanent 
Beavecvive heat transfer coefficient. 

4, This series of tests does not differentiate 


Detween the theories of solid and gas phase ignition. 
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CHAP eb 


RECOMMENDATIONS FOR PUTURE RESEARCH 


For future researcn, it is. recommended that= 

l. The adiabatic flame temperature of the igniter | 
gases be reduced by increasing the oxidizer fuel ratio To 
meocguce longer ignition delays, which also will permit 
varying the oxygen content of the igniter oxidizer gas 
mercevermine the ertect of Excess oxygen on the ignivion 
time delay. 

2. The motor exit nozzle be sealed with a light- 
weight foil to permit the evacuation of the atmospheric 
meee 21rom the combustion chamber prior to firing. Therefore, 
only a small mass of gas would be present in the chamber 
when ignition of the methane-oxygen mixture occurred, which 
meme possibly reduce or Eliminate the pressure peak that 
was produced when the gas rocket ignited. Also the igniter 
gas composition would be known at all times since no vdalvemse 
Memea be present in the motor. A nozzle seal that will 
burst or burn immediately after eM peor Ol. Cie 1 ter 
should be used. | 

3. The pyrolysis rates for P-13 resin and ammonium 
Ph orate be determined for the surface temperature range 
400-700°K. 

jee ne poUTRacCe Temper abure Maacuertcs Ae the 
ignition process be measured for several different igniter 


“energy inputs. 
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PS (ee Pacnet igniter be replaced by a solid 


propellant igniticonwe™scem to better determine the ignition 


DrOCESS as e@ifecved Dy a practical ignition system, 
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TGNITION TIME DELAY MEASUREMENTS 


Observed "Dummy 
Chamber Pressure" 
Gort 


118 


Le 


fo 
ai 
80 
61 
43 
30 


a ahd Pe eld 
4.35 
20.4 
8.90 
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Be 
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oi 
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ao 
92 
eh 
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Relative 


Heat 


Flux 


99 
432 
Os)S 
6 345 
.19 
765 
» 334 





APPENDIX A 


PROPELLANT AND INHIBITOR COMPOSITION 


Tne COMPOSIULONS Or “Une inhi bitor-and the prepelianmr 
memwcd are ourclined Delow.. All propellant was manulactured 
meee SOlld propellant processing Tacilivies of the 
Aeronautical Engineering Department, Princeton University, 


' Princeton, New Jersey. 


Propellant composition: 


Ammonium Perchlorate (bimodal mix) 80.00% 
Polystyrene Resin (Rohm and Haas P-13) 19.75% 
Nuodex Cobalt . 10% 
Lecithin B-60 . 10% 
Lupersol DDM 05% 
Paap itor: 
Polystyrene Resin (P-13) ae 96 .618% 
Nuodex Cobalt 965% 
Lecithin B-60 . 965% 


Lupersol DDM 1.450% 


—N 





APPENDIX 5 


PREPARATION OF TEST GRAIN 


A standard manufacturing process (Reference 8) was 
Mecd in- preparing, the propellant for casting. 
| | Figure 18 is an exploded view of the solid propel- 
io mold.: To cast the propellant the thin-wall tube is 
inserted into the base of the mold and placed in a vacuum 
desiccator (Figure 19). A vacuum of approximately 16 mm. 


ooo’ is maintained in the desiccator during casting. The 


& 
propellant is fed through a funnel with the feed rate béing 
formerolled by a thumb screw pinch clamp on 4 length of flexible 
tubing below the funnel. The propellant passes through a 

narrow slit in the end of the feed line entering the mold in 
eee orm of a thin continuous eas con. This procedure €litmnaves 
meee DOles which may have been introduced during removal of 
meemerOopclilant from the mixer. 

After removing the mold from the desiccator, the 
mandril (coated with a silicone high vacuum grease to allow 
easy removal) is inserted into the propellant. The base of 
the mold is tapered to provide centering of the mandril. Any 
EXCESS Propellant 1S FeMmoOveo select Oo putting yon the molec see 
Figure 16 shows the assembled mold. 

tne meld Convainine the propellant 15 placed era. 
oven at 80°C for 18 hours after which time the mandril is 
hmemoved, — Une propellant is cured Loran addiviconal six hours 
without. the mandril to insure that the propellant is properly 


cured near The center of the mcocldad. 





% 


lO prewgFe toe ends of the grain for inhibiting, 
the grain is placcd in the lathe for removal of Drove) ant 
to a depth of 1/8" from each end of the metal casing. 
Approximately 0.10" of inhibitor is applied to one end of the 
grain. A greased tavered rubber Boone is inserted into 
(ie Peon wore LG, Prevemt-1 le Gintibia Lor 4 rom contacting 
the eens surface of the grain, After approximately 
ene Nour of “Curine at room temperature tlie Inniviter bas 
solidified sufficiently to remove the stopper and repeat 
the procedure on the opposite end of the grain. By curing 
the inhibitor at room temperature a good bond to the propel-— 
Ment and the metai casing is obtained, Also the inhibditer 
remains slightly tacky ana e€lastic permitting use of an 
O-ring seal at each end of the grain as a further safe guard 
against the presence of any lack of case-bonding. It was 
noted by microscopic examination of the case-bond of the 
Peeaiy LO the metal tude that the propellant was not alweys 
100% case-bonded. 

After inhibiting the grain ends, the propellant is 
wrapped in aluminum Foil, mates in containers containing | 
Silica gel and placed in the magazine for storage. 

A few days prior to firing the grain is prepared for 
besting. By driliin@ on ae lathe, tne grain cavity 1S entarced 
to 3/4" diameter in two steps: the first cut is made with 
ali7i16" counter tore. andva 3/2 counter bore We used 
for the second cut By drilling the grain port to 3/4" 
rather than casting the grain with a 3/4" port, any mold 


surface eftects or con™amination from the release agent, 





B-3 


~ 


rinii Y, GOW Mr uMifosem surface is produced on ail 
me ains., 
The prevaree® grains are wrapped in aluminum {oil 


pieces Am se adeste calor conve ot ica eel and hep et 


moon Temperature Until placed in Che movor for firing. 





aw PANDIX C 


COMMERCIAL EQUIPMENT AND MATERIALS 


cle 


Item 


Pressure Transducer 


PT-49F-IM 


Piece Writing 
Oscillograph 
906 B 


memane Oscillator 


#101336 


Becubata Lit 
Differential 
D-C Amplifier 


Pressure Gage 


go> IR, 
O-2000 PSI 


Pressure Gage 
iO, O-100 PSI 


Perecty Head and 
Rupture Disc 


Neon Transformer 
450 VA Capacity; 
secondary 15000 V 


Water Pump 


MreCuric Motor 
ivoe:. b=7.., 
p74 H.P. 
Single Phase 
eo hel 


Counterbore Drills 


byte anc 3/1" 


Equipment 


Manufacturer 
Sle ooo le 


Dynamic. Insvrument+Co. 


Conbeidee. Mass. 
Minneapolis-Honeywell 
Cae cece 
Minneapolis-Honeywell 


DRO hinge Ne << 2 


Minneapolis-Honeywell 
Unatorimes tN. «J. 


Heise Bourdon Tube Co. 


Newtown, Conn. 


HeibileordsG2ce Division 


American Chain & 
Caples Co. 
Breage vort, Conn 


Black Savalvo 
& Beyson.. inc . 
Wayne, Pa. 


HUUCeansOnaElectric Co. 


EYVESTIC OM) IN «cad 


BabancomeumMps Co. 
Bellemead, N. J. 


Westinghouse Electric 
Supply Company 
Trem Omer aed 2 


SNC leant ands triad 
ibsqsvenere; ¢ men Ramen ie 


Use 





Chamber Pressure 
Measurement 


‘Pressure-Time 


Record 

Time Lines for 
Visicorder Record 
Amplify 


Transducer Output 


Gas Feed Pressure 
Measurement 


Water Pressure 
Gage 


Safety for Motor 
Over Pressure 


Soar oy Ss el 


Transducer 
Coot ane, 


Water Pump Motor 


Drill Propellant 
Port 








Ttem 





Veeulm Dis toeecavor 
P~1540 Pyrex 


Pyrex Funnel 60° 


#60220 GR28, 65 mm 


Stopper 
Neoprene No.8 


Screw Clamp 


C-4835, 5/8" x ile 


ome Regulator 
Grove RBX-204-015 


Peessure Reducing 
Regulator 
Model 15H 


Peessure Gage 
O-3000 PSI 
2" Face 


Check Valve 
pee 3-4 


Check Valve 
No. P6-615 


Pneumatic Valve 
Marotta PV-20-F 


Solenoid Valve 
Marotta MV 74 


peerk Plugs 
Champion N-5 


Tesele Switch, 
Bie os ts 
Cutlier-Hammer 
Now Sr 2h 


Jem accurer 
Gr. touUpp ler 


S¢€ientific Glass 
Apparatus Co. 
Poon Pe loss. Zale 


SC leet tee Glass 
Apparatus Co. 
Bloomrield, N. J. 


Scientific Glass 
ADpata wuey COs 
Biloomrrera, Noad. 


Scientific Glass 
hepa cla wcor 
DeLorme he wee. i: 


Herback & Rodman Inc. 


Poitedelphia. Pa. 


GrOvemneeulLacer Co. 
Oakland, Calif. 


Truesdall Co. 
PImuecewOle as Js 


Kohler Company 
Newark, N. J. 


Cireke seal Prod. 
COs te. 
Fhiladelphia, Pa. 


Marotta Valve Corp. 
Tey le Uae Ns. al: 


Marotta Valve Corp. 
Tales eo 2s 


Prince Motor Parts 
PRirmGeronweN. ws 


He Dalier Co. 
Lone -lsrane. eN. Y 


Use 





Propellant Casting 
Propel lane Cacuime 
Propellant Casting 


Propellant Casting _ 
Peed Conte 


Fuel and Oxidizer 
Pressure Control 


Dome Regulator 
Convo. 


neyo! and Oxidizer 
SUDDI eres 


Prevent Reverse 
Flow in Gas Fuel 
System 


Prevent Reverse 
Flow in Gas Feed 
System 


Gas Flow 
On-Off Valve 


Pneumatic 
Valve Contrer 


Ignite Orme 
Gas Rocket 


BlEeCcURremCaT cue 
Switches 








ltem 


Methane (C.P.) 
eeO cu.ft. 
EeOO PSI 


Oxygen-Nitrogen 
mA Cylinder 
2000 PSI 

gee een Electrolytic 
99% Pure 


Nitrogen 


Visicorder Recording 
Peper Spec 2 
Exera Thin 


Ammonium Perchlorate 
Standard AMS-C66F 


Beeyocster Resin 
P13 


Lupersol DDM 
Nuodex Cobalt 
Accelerator 


Lecithin, Vegetable 
Technical 
Hoy! Ring 
Manear 711-226 
eG Ring 
jMenecar #ii-11t 
oO” 6 6Ring 
Pear elle tie 
MO Rane 
Linear #11-214 


f,- 7 Sim 5 
Meee sl Ota 


Manufacturer 
oF Souepier 


he Metheson Co., 
Pie moore rl ord. iN. 


ALY PReocuccs 
ES lena sd. 


General Dynamics Co. 
Eola Gee arbomac- Div. 
HaniemaeS@Oin Ns.) 


Linde Air Products 
Pipieiene Mi, 3) 


Eastman Kodak Co. 
Rochester, N. Y. 
Pie wrcailePOuvaSiNC Oo: 


Nevievork, N. Y. 


Rohm & Haas Co. 
Philadelphia, Pa. 


Wallace & Tierman 
Bue wtone Ns Ys 


NUSGesxe  Procucts Co; 
New York, N. Y. 


Piste ocr ciei taco. 
Fair Lawn, N. J. 


Linea nc ; 
Philadelphia, Pa. 


Linear, Inc. 
Phitadelpnia, Fa. 


Linear, Inc. 
Prag aCe ier te ba. 


Linear, Inc. 
PRickeaGe dina. Pa... 


C=3 


Use 





feniater fuei 


Ieniter OxX2¢GUZer 


Teni.ter OxiGigen 


GCONnUTrO. Pree 
and Motor Purge 


Pressure-Time 
Recora 
Propellant 
Ox1 G2 Ze 
Fuel Binder 
Propellant 
CUrIne Agere 


PROD ci baate 
Curing Agent 


Propeilant 
Wetuing Agere 


Motor Pressure 
Seals 


NOP LT tae 
Pressure Seals 

AN Bia oes 
Pressure Seals 


Propellant “Graim 
End Seals 








Item 





Stainiess Steel 
BO 5-1/2) 28 
Oe 56 


Copper Bar 
Beund 3-172" Dia 


Stainless Steel 
Tubing Seamless 
Type Box 1-3/8" 
eee, x .065" 


meass Bar 
Round 3-1/2" Dia 


Stainless Steel 

Type 304 - Seamless 
ime 6 CO. DD. 

.065" Wall — 


Stainless Steel 
Type 304 Seamless 
ieee 0.D.x.035" Wall 
ee 0.D.x.035" Wall 


AN Fittings 
Stainless Steel 
High Vacuum Grease 


Silicone 


Alum Bar Rd. 2" Dia 


Type 6061-T6 
Alum Bar Rd. 
po 6Dia 


Type 6061-T6 


Marufacturer 
Mme ougD Ler 


Wiitenead Metals Inc. 


Havers On Ne. 


Philadelphia Bronze 
“ Brass. 0. 
Philadelphia 21, Pa. 


A. B. Murray 
Eee bli aN vce). 


Philadelphia Bronze 


°& Brass Co. 


Philadelphia 21, Pa. 


A. B. Murray 
Blizabeth, N. J. 


David Smith Steel Co. 
SOUmi Pladgmrield, 
Ni 


Dee Aircraft 
Alberson, 
Lome island eaN. Y. 


Dow weerni ne sCorp . 
Moisemie mice.” Nach. 


Whitehead Metals, 


Hager somy N.. J 


Whitvenead Metals, 
Ha ie commen «cc 


ries 


Bn. 


Use 





Solid Propellant 
Meter Casing 
Flange 


Motor Components 


poll” Propel lags 
Casing 


Injector Assembly 


Casing for 
Propellant Grain 


Gas Feed 
SY Seems ba pia 


Tubing, Conmecrere 


Mold Release 
Agent 


5Olid Propel laa 
Mold Base and 
Cap 


Mold Mandril 





| SuNOls 
YOLOIN LS00Y LNVTTaa0dd A10S 30 NOILINO! SNOSSVO 


SNVHLSW 


N | 
Socrates NIVUD INVTTSdHd , NS9DAXO} 


3 1ZZ0ON 









YOLOSCNE SVS 


NOLL | 94S Al | 
LN VAGASVEN aunssaéd aaa osee 


| fy co = ! 
| CRSOAGSNVEL 3uN YOLON 
_ |Gy3H ALaave INVATEdON¢d anos J 12ZZON 










Duramy Charnb 






JuDIJedO1g pl}HOS JO uolju|—— oes 


SF 
- — << 


OWI 0407 


<r 


QAINIXUA) SDS, SOpUD] Bnjg yaods 


MO} 4 SD F4ADIS 


uO yADdS 





we 


=<—JYNASSAYd YAGWVWHO 













Ass 


a 
Y 4 
- 
nea,” 3 cee CeCe ET ae ee 


> 


TIME 


INTERPRETATION. OF IDEALIZED IGNITION RECORD 


FIGURE 2 





BAG S48 SOC UD ePROPELLANIMCs se =BONDED GRAIN. 
Upper-Grain as it appears after drilling the 
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FIG 6. MODIFIED SPARK PLUG 
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FIG 7. VOLT/GE-TIME TRICE OF SPARX FLUG 
GAP DURING 1/¢ CYCLE OF 60 cps INPUT 
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me 9. SLTREIN GAGE TYPE, WATER-COGLED 
PRESSURE TRANSDUCER (Dynisco Corporation) 
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FIG 14. 
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FIG 18. SOLID PROPELLANT MOLD. 
Upper=s@xploded view of mold, Components. from 
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SOLID PROPELLANT CASTING APPARATUS. 


FIG 19. 
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